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Abstract. Dimethyl sulfide (DMS) is primarily emitted by marine phytoplankton and oxidized in the atmosphere to form
methanesulfonic acid (MSA) and sulfate aerosols, which affect climate by scattering incoming solar radiation and influencing
cloud properties. Ice cores in regions affected by anthropogenic pollution show an industrial-era decline in MSA, which has
previously been interpreted as indicating a decline in phytoplankton abundance. However, a simultaneous increase in DMS-
derived sulfate (bioSO,) in a Greenland ice core suggests that pollution-driven oxidant changes caused the decline in MSA
by influencing the relative production of MSA versus bioSO4. Here we use GEOS-Chem, a global chemical transport model,
and a zero-dimensional box model over three time periods (preindustrial, peak North Atlantic NO, pollution, and 21 century)
to investigate the chemical drivers of industrial-era changes in MSA and bioSOy,, and examine whether four DMS oxidation
mechanisms reproduce trends and seasonality in observations. We find that box model and GEOS-Chem simulations can only
partially reproduce ice core trends in MSA and bioSOy4, and model results are sensitive to DMS oxidation mechanism and
oxidant concentrations. Our simulations support the hypothesized increased role the nitrate radical in DMS oxidation over the
industrial era, but competing factors such as oxidation by BrO offset the increase in bioSO4 production from the nitrate radical
in some simulations. To reduce uncertainty in DMS oxidation, future work should investigate aqueous-phase chemistry, which
produces 82-99% of MSA and bioSO, in our simulations, and constrain atmospheric oxidant concentrations, including the

nitrate radical, hydroxyl radical, and reactive halogens.
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1 Introduction

Marine phytoplankton are primary producers and an important source of atmospheric sulfur through the emission of dimethyl
sulfide (DMS, CH3SCH3). In the atmosphere, DMS oxidation forms methanesulfonic acid (MSA, CH3SO3H) and sulfate
(SOZ*) aerosols, both of which play an important role in the formation and growth of new particles and cloud condensation
nuclei (e.g., Beck et al., 2021; Chen et al., 2015; Weber et al., 1997; Kaufman and Tanré, 1994) and influence aerosol radiative
forcing (e.g., Fung et al., 2022; Carslaw et al., 2013; Regayre et al., 2020). Uncertainty in past, present, and future DMS emis-
sions and oxidation chemistry contribute to uncertainty in aerosol radiative forcing estimates (e.g., Carslaw et al., 2013, 2017;
Fung et al., 2022; Kaufman and Tanré, 1994; Jin et al., 2018). Ice core records of MSA concentrations, traditionally considered
a proxy for DMS emissions, have been used to infer phytoplankton abundance (Kurosaki et al., 2022; Osman et al., 2019;
Polashenski et al., 2018) and sea ice extent (Abram et al., 2013; Curran et al., 2003; Maselli et al., 2017; Osterberg et al.,
2015). Based on industrial-era declines in MSA concentrations across many Greenland ice cores, it was inferred that DMS
emissions—and consequently, marine phytoplankton abundance—had declined in the North Atlantic between the preindustrial
and early 21st century (Osman et al., 2019). A more recent study found an increase in Greenland MSA from 2002-2014 and
attributed the increase to declining sea ice extent (Kurosaki et al., 2022). More recently, sulfur isotopes of sulfate (5348(5042[))
from a Summit, Greenland ice core showed that DMS-derived sulfate (bioSOy4) had increased in the North Atlantic region since
the preindustrial (Jongebloed et al., 2023a). The time period of minimum MSA concentrations (1969-1995 CE) aligns with
peak anthropogenic NO, pollution in the regions affecting Greenland, causing Jongebloed et al. (2023a) to hypothesize that
the trends in MSA and bioSO, are driven by changes in DMS oxidation chemistry due to changes in atmospheric oxidant
abundances. In support of this hypothesis, a mid-20" century through early 21%-century decline in MSA concentrations in the
Denali, Alaska ice core, which is influenced by DMS emissions from the North Pacific, was found to align with an increase in
East Asian oxidant precursor emissions starting in the 1950s (Chalif et al., 2024).

Jongebloed et al. (2023a) and Chalif et al. (2024) hypothesized that increased industrial-era NO, and VOC emissions drive
increases in the nitrate radical (NOj3), and that oxidation of DMS by the nitrate radical favors the production of sulfate over
the production of MSA. Using a global chemistry-climate model with updated DMS oxidation chemistry, Fung et al. (2022)
found a 59% decrease in global MSA burden from the preindustrial to present day, supporting the hypothesis of a pollution-
driven decline in MSA. Chalif et al. (2024) used a box model with gas-phase DMS oxidation chemistry from recent studies
(Fung et al., 2022; Chen et al., 2018; Cala et al., 2023; Novak et al., 2021), and found a NOs-driven decline in modeled MSA
concentrations of the same magnitude as the decline in MSA observed in the Summit, Greenland and Denali, Alaska ice cores.
However, this box model approach does not include aqueous-phase chemistry, which is likely the dominant MSA formation
pathway in the atmosphere (Chen et al., 2018). Additionally, the rapidly evolving representation of DMS oxidation mechanisms
in atmospheric chemistry models compels a careful comparison of these various mechanisms.

Many atmospheric models have simple DMS oxidation schemes which include three gas-phase reactions with the hydroxyl
radical (OH) and the nitrate radical (Chin et al., 1996). In recent years, these have been updated to include both additional gas-

phase and aqueous-phase reactions involving additional MSA and sulfate precursors. Chen et al. (2018) implemented updates to
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DMS oxidation chemistry in the global chemical transport model GEOS-Chem, including the reaction with bromine monoxide
(BrO) and the chlorine radical (C1), formation of important intermediates such as dimethyl sulfoxide (DMSO, CH3SOCH3) and
methanesulfinic acid (MSIA, CH3SO5H), and the aqueous-phase formation of MSA from these intermediates. Tashmim et al.
(2024) built on the Chen et al. (2018) mechanism to include gas-phase chemistry producing hydroperoxymethyl thioformate
(HPMTF, HOOCH,;SCHO), which has been observed in the atmosphere (Novak et al., 2021; Siegel et al., 2023; Veres et al.,
2020) and laboratory studies (Goss and Kroll, 2024; Shen et al., 2022; Ye et al., 2022) and forms sulfate in the aqueous
phase (Novak et al., 2021). Along with HPMTEF, Tashmim et al. (2024) included other gas-phase intermediates such as the
methylthiomethylperoxy radical (MSP or MTMP; CH3SCH,00) and the CH3SO,, radical. Chen et al. (2023) implemented
a DMS oxidation mechanism in GEOS-Chem that included the temperature-dependent gas-phase production of MSA and
sulfate through the CH3SOs radical, which has been observed in recent chamber studies (Berndt et al., 2023; Goss and Kroll,
2024; Shen et al., 2022; Ye et al., 2022). Gas-phase production of MSA increases in simulations using the Chen et al. (2023)
mechanism relative to the simple three gas-phase reaction mechanism, which could be important for new particle formation.

Similar DMS oxidation mechanisms with a wide range in complexity have been implemented into chemical transport models,
chemistry-climate models, and box models. Hoffmann et al. (2021) and Revell et al. (2019) found that different DMS oxidation
schemes yield order-of-magnitude differences in SOy, MSA, and sulfate concentrations. Similarly, Fung et al. (2022) found
that updating the DMS chemistry mechanism in a chemistry-climate model causes a decreased estimated aerosol radiative
forcing, demonstrating the importance of DMS chemistry to climate modeling. Cala et al. (2023) implemented gas-phase
DMS oxidation similar to Tashmim et al. (2024) and Fung et al. (2022), but do not include aqueous-phase oxidation of DMS,
DMSO, and MSIA or the reaction of DMS with BrO and CI. Cala et al. (2023) also found significant variation in DMS
oxidation products under different oxidation mechanisms and highlight the need to investigate the kinetics of small sulfur
radical intermediates (CH3S, CH3SO-, and CH3SO3). Finally, Bhatti et al. (2024) used a global chemistry-climate model to
implement seven simple DMS oxidation mechanisms from other models, none of which included HPMTF chemistry, and found
a range in global aerosol optical depth that is twice as large as the modeled change from preindustrial to present-day aerosol
optical depth.

Recent chamber, modeling, and observation studies highlight remaining uncertainties in DMS oxidation, including uncer-
tainty in the MSP isomerization rate to form HPMTF (Jernigan et al., 2022; Wu et al., 2015; Ye et al., 2022); the fate of HPMTF,
including gas-phase oxidation to form SO (Novak et al., 2021; Jonge et al., 2021; Wu et al., 2015), in-cloud oxidation to form
sulfate (Novak et al., 2021; Vermeuel et al., 2020), or photolysis (Khan et al., 2021); the formation and loss of dimethyl sulfone
(Scholz et al., 2023; Shen et al., 2022); the kinetics of small sulfur radical intermediates (CH3S, CH3SO5, and CH3SO3) to
form sulfate and MSA (Berndt et al., 2023; Cala et al., 2023; Chen et al., 2021, 2023; Goss and Kroll, 2024; Ye et al., 2022);
the reaction of MSIA in the aqueous phase (Liu et al., 2023); and the reaction of MSA with OH in the aqueous phase to
form sulfate (Kwong et al., 2018; Mungall et al., 2018). In addition to remaining uncertainties in DMS oxidation chemistry,
uncertainties in modeled oxidant abundances affect the relative abundance of DMS oxidation products, and representation of

atmospheric oxidants varies drastically by model (Murray et al., 2021; Young et al., 2013).
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Here we implement four DMS oxidation mechanisms from previous studies (Chen et al., 2018; Tashmim et al., 2024;
Chen et al., 2023; Cala et al., 2023) into a global atmospheric chemistry model to investigate how modeled abundances of
DMS oxidation products over the industrial era compare to long-term in situ observations and to ice cores from Summit,
Greenland and Denali, Alaska. We use these four mechanisms to represent a range in the complexity and characteristics of
the representation of intermediates. We investigate which oxidants and reactions drive trends in MSA and bioSOy4, where
knowledge gaps remain in DMS oxidation chemistry, and the potential global implications of these mechanisms for DMS

oxidation products.

2 Methodology
2.1 GEOS-Chem model

To investigate modeled industrial-era trends in MSA and DMS-derived biogenic sulfate, we use GEOS-Chem versions 12.9.3
(abbreviated as GC12; https://zenodo.org/records/3974569) and 13.2.1 (abbreviated as GC13; https://doi.org/10.5281/zenodo.5
500717) (Bey et al., 2001). We use two model versions to test the sensitivity of our results to different oxidant concentrations
(see Section 3.1) and different DMS oxidation mechanisms (see Table 1). GEOS-Chem is driven by assimilated meteorology
from MERRA?2 and has detailed HO,-NO,-VOC-Os-halogen chemistry including recently updated halogen and cloud chem-
istry (Bates and Jacob, 2019; Chen et al., 2017; Holmes et al., 2019; Schmidt et al., 2016; Wang et al., 2019, 2021). We run
simulations at 4° x 5° resolution with varying anthropogenic emissions (for years 1750, peak NO,, pollution in 1979, and 2007)
from the Community Emissions Data System (CEDS; McDuffie et al., 2020). DMS emissions from the ocean are described
in Lana et al. (2011) and are based on a climatology of sea-surface DMS concentrations with flux controlled by sea surface
temperature- and wind-dependent gas transfer velocity (Johnson, 2010; Nightingale et al., 2000). DMS emissions in this study
are 27 Tg S year—!, which is of similar magnitude to more recent climatologies (Hulswar et al., 2022), but smaller than a
machine-learning based estimate of 20 Tg S year~! (Wang et al., 2020). In all mechanisms, we add tracers to GEOS-Chem to
track DMS-derived SO- and bioSO, separately from other sources of SO- and sulfate while preserving total modeled sulfur.
Dry deposition is parameterized as a resistance-in-series model (Wang et al., 1998; Wesely, 1989) and wet deposition includes
both scavenging and washout of soluble species (Liu et al., 2001). In GC13, the wet deposition is updated to include spatially
and temporally varying in-cloud condensed water and a higher washout rate for nitric acid (Luo et al., 2019, 2020). To test
different time periods, we use the same meteorology, sea ice, and natural emissions from 2007 across all simulations, but
prescribe anthropogenic emissions from other years representing each time period (Table 2), following Zhai et al. (2021) and
Jongebloed et al. (2023c).

We implement DMS oxidation chemistry from Chen et al. (2018), Chen et al. (2023), Cala et al. (2023), and Tashmim et al.
(2024) to represent a range in DMS oxidation chemistry, such as the inclusion of HPMTF chemistry, the inclusion of DMS
loss to reactive halogens, and different representations of the short-lived organosulfur intermediates such as CH3SO5. We then
quantify global implications of different DMS oxidation mechanisms and oxidant concentrations for DMS oxidation products.

DMS oxidation mechanisms are described in Section 2.2.
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This study does not consider how changes in meteorology might affect long-term trends in MSA and sulfate. Changes in
meteorology are potentially important in the Denali ice core, where the snow accumulation rate has increased by a factor of
1.2-2.3 since the preindustrial (Winski et al., 2017; Chalif et al., 2024). Chalif et al. (2024) showed that these accumulation rate
changes alone cannot explain the trend in MSA concentrations, and here we use the same meteorology across all simulations
to investigate how changing atmospheric chemistry influences trends in ice core concentrations of DMS oxidation products.

Importantly, this study also does not consider how potential past and future changes in DMS emissions might affect long-
term trends in MSA and sulfate. We use the same DMS emissions from Lana et al. (2011) in every simulation; however,
uncertainty in or changes to DMS emissions could affect comparison of model simulations with long-term ice core and in
situ observations. DMS emissions inventories in models vary by up to a factor of 2 or more (18.2-32 Tg S year!; Wang
et al., 2020), and may not capture spatiotemporal variability in DMS emissions (Bhatti et al., 2023; Gal{ et al., 2018; Hulswar
et al., 2022; Lana et al., 2011; Steiner et al., 2012). Furthermore, DMS emissions vary under different temperature, pH, and
nutrient availability, and may change under global warming (Hopkins et al., 2020, 2023; Kloster et al., 2007; Saint-Macary
et al., 2021; Pyvind Seland et al., 2020; Six et al., 2013; Sunda et al., 2007; Tjiputra et al., 2020; Xu et al., 2022; Zhao et al.,
2024; Zindler et al., 2014). Therefore, potential changes in present, past, and future DMS emissions should also be considered
when interpreting observed or modeled long-term trends of MSA and sulfate.

Finally, this study does not include emissions of methanethiol (CH3SH; MeSH), which is emitted at about 10-65% of the
rate of DMS emission (Wohl et al., 2024; Gros et al., 2023; Lawson et al., 2020; Novak et al., 2022), and may favor SOy and
sulfate production over MSA (Novak et al., 2022), potentially affecting our model-observation comparison of MSA, bioSQOy,
and MSA/bioSOy.

2.2 DMS oxidation mechanisms

We perform simulations using four DMS oxidation mechanisms, which are summarized in Table 1 and Figure 1, and discussed
in detail below. Detailed schematics for the mechanisms can be found in Figures S1-S4. Table S1 shows Henry’s law constants
of aqueous-phase intermediates for the four mechanisms.

In the Q. Chen mechanism, we use the DMS oxidation scheme from Chen et al. (2018). This mechanism includes DMS
oxidation by key oxidants, including OH via addition and abstraction, the nitrate radical, bromine monoxide (BrO), ozone (O3)
via gas- and aqueous-phase chemistry, and the chlorine radical (CI). Chen et al. (2018) include aqueous-phase production of
MSA via DMSO reacting with OH to produce MSIA, followed by MSIA reacting with OH and ozone to produce MSA. Chen
et al. (2018) also include the aqueous-phase destruction of MSA by OH to produce sulfate. However, this reaction appears to be
overly efficient when implemented in the Tashmim mechanism, causing the modeled seasonality of MSA to be opposite to the
observed seasonality of MSA (Fig. S5). Fung et al. (2022) use the same ageuous-phase reaction of in-cloud OH oxidation of
MSA and find that 76% of MSA is lost through this reaction, which is likely overly efficient as well. While Hattori et al. (2024)
find that MSA is oxidized to sulfate in East Antarctic snow where MSA is exposed to oxidizing conditions over many years,
Mungall et al. (2018) estimate that the lifetime of MSA against in-cloud oxidation is about a year, i.e. this reaction should not

be a significant loss process in the atmosphere. It is possible that the in-cloud OH-oxidation of MSA to sulfate is too efficient in



Table 1. Description of mechanisms.

Mechanism Name GEOS-Chem Description ab Citation(s)
Version
Q. Chen GCI12 DMS oxidation mechanism from Chen et al. (2018) with MSA + OH  Chen et al. (2018)
(aq) — SOif turned off°.
Tashmim GC12, GC13 DMS oxidation mechanism from Tashmim et al. (2024) (which has the  Tashmim et al.

same aqueous-phase chemistry as the Q. Chen mechanism), and adds  (2024), Chen et al.
gas-phase chemistry in the abstraction pathway including MSP and  (2018)
HPMTF and the aqueous-phase formation of sulfate from HPMTF in
cloud and aerosol.

J. Chen GCI12 Gas-phase DMS oxidation mechanism from Chen et al. (2023), which  Chen et al. (2023)
adds gas-phase production of MSA and sulfate through the CH3SO»

radical. Aqueous-phase chemistry from the Q. Chen and Tashmim
mechanisms is implemented in this mechanism. This mechanism does
not include DMS + O3, DMS + BrO, or DMS + CI.
Cala GCl13 Gas-phase DMS oxidation mechanism from Cala et al. (2023). Calaetal. (2023)

Aqueous-phase chemistry from the Q. Chen and Tashmim mechanisms
is implemented in this mechanism. This mechanism does not include

DMS + O3, DMS + BrO, or DMS + Cl.
* Detailed schematics of each mechanism are shown in Fig. S1-S4. Reaction rates, and full descriptions of the mechanisms can be found in

the citations associated with each mechanism.
® In all mechanisms, SOx is oxidized to sulfate in the gas phase through reaction with OH and in the aqueous phase through reaction of
S(AV) with H202, O3, HOBr, HOCI, and O catalyzed by transition metals iron and manganese (Alexander et al., 2009, 2012; Chen et al.,
2017).

¢ Other sensitivity tests performed include the Tashmim mechanism with MSA + OH (aq) — SO;~ included, shown in Figure S5.

Table 2. Time periods simulated in the GEOS-Chem model.

Time Period Description

1750 2007 meteorology, 2007 natural emissions, and 1750 anthropogenic emissions.
1979 2007 meteorology, 2007 natural emissions, and 1979 anthropogenic emissions.
2007 2007 meteorology, 2007 natural emissions, and 2007 anthropogenic emissions.

both Fung et al. (2022) and the Tashmim mechanism due to uncertain liquid-phase diffusion coefficients, mass accommodation
coefficients, reactive uptake coefficients, aqueous-phase reaction rate coefficients, or other reaction rate uncertainties (Chen
et al., 2018). Due to the large bias in the seasonality of MSA in model simulations that include this reaction in cloudwater

(Fig. S5) and laboratory experiments indicating that MSA + OH in cloudwater should not be a significant loss process of MSA
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Mungall et al. (2018), we omit this MSA + OH in cloudwater from all mechanisms in this study. We suggest that further study
should resolve why this reaction is overly efficient when implemented into global models.

The Tashmim mechanism includes all the reactions in the aqueous-phase and addition pathways from Chen et al. (2018)
(Tashmim et al., 2024). This mechanism updates the abstraction pathway to include the isomerization component, including
intermediates such as MSP, CH3SO,, HPMTF, and the aqueous-phase formation of sulfate from HPMTEFE.

The J. Chen mechanism includes the gas-phase chemistry from Chen et al. (2023) and aqueous-phase chemistry from Chen
et al. (2018) and Tashmim et al. (2024). Henry’s law constants for all aqueous-phase species are from Chen et al. (2023) (see
Table S1). The main difference between the J. Chen mechanism and the Tashmim mechanism is that the J. Chen mechanism
adds gas-phase MSA and sulfate production through the CH3SO- radical intermediate. Other important differences include
the omission of the DMS + BrO, DMS + O3, and DMS + CI reactions. Although Fung et al. (2022), Chen et al. (2018),
and Khan et al. (2016) show that DMS + BrO may be a significant sink for DMS (8-29% globally), we omit these reactions
from our J. Chen mechanism for consistency with Chen et al. (2023). Other notable differences between the J. Chen and
Tashmim mechanisms include intermediates such as methanesulfenic acid (MSEA), and the reactions connecting the addition
and abstraction branches through the oxidation of MSEA and MSIA to form CH3SO-, which can then form both MSA and
sulfate. Finally, we include the aqueous-phase chemistry from Chen et al. (2018) and Tashmim et al. (2024) in the J. Chen
mechanism to include the aqueous-phase formation of MSA and sulfate from DMSO and HPMTF, respectively.

For the Cala mechanism, we implement gas-phase DMS oxidation chemistry from Cala et al. (2023) with aqueous-phase
chemistry from Chen et al. (2018) and Tashmim et al. (2024). We note that oxidation of HPMTF in aerosol to form sulfate
is similar in Cala et al. (2023) and Tashmim et al. (2024), but Cala et al. (2023) do not include aqueous-phase oxidation of
DMSO and MSIA or cloud loss of HPMTF. Similar to the J. Chen mechanism, the Cala mechanism does not include DMS +
BrO, DMS + O3, or DMS + Cl.

2.3 Box modeling of DMS oxidation chemistry

We use the Framework for 0-Dimensional Atmospheric Modeling (FOAM, Wolfe et al., 2016) to isolate the impacts of changing
oxidant concentrations on trends in MSA and bioSOy4. The box model does not include emissions, transport, or deposition,
therefore allowing the effects of changing oxidant concentrations to be isolated from other processes. We follow Chalif et al.
(2024) by using March—October mass-weighted oxidant concentrations in the marine boundary layer (<2 km) from the 1750,
1979, and 2007 simulations (Table 1) as inputs for the box model. We model the four oxidation mechanisms described in Table
1 and oxidant concentrations from both GC12 and GC13. Box model simulations, including those in Chalif et al. (2024), only
model gas-phase chemistry. We approximate the aqueous-phase pathways by allowing MSIA oxidation to form only MSA,
which is informed by GEOS-Chem simulations where 90% of the MSIA forms MSA (Fig. 1). This approximation of aqueous-
phase chemistry increases the absolute ratio of MSA/bioSOy4 by about a factor of two, but does not affect modeled trends in

MSA, bioSO,, or MSA/bioSOy, in any mechanism.
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Figure 1. Simplified schematic of DMS oxidation chemistry in Table 1, which includes several DMS oxidation mechanisms, including Q.
Chen (Chen et al., 2018), Tashmim (Tashmim et al., 2024), J. Chen (Chen et al., 2023), and Cala (Cala et al., 2023). More detailed versions
of each mechanism are shown in Supplementary Figures S2—S5. The purple box shows the abstraction and isomerization branch, which
forms MSP, HPMTF, CH3SO2, other short-lived organosulfur compounds, bioSO4, MSA, and carbonyl sulfide (OCS). In the yellow box,
the addition branch includes DMSO, MSIA, SO;, bioSO4, and MSA. DMSO, MSIA, and HPMTF intermediates partition into the aqueous
phase. Percentages above reaction arrows show the percent of the precursor oxidized through each pathway, where the range is based on
range in the global mean in simulations with various oxidation mechanisms in Table 1. Below each compound, a range in mass-weighted
mean tropospheric concentrations and tropospheric lifetimes is shown as a range across all mechanisms and model versions in Table 1. All
concentration, lifetime, and percent oxidation numbers are from the 2007 (present day) simulations. SOz produced from DMS oxidation can
be dry deposited or oxidized in the gas and aqueous phases to form sulfate (Alexander et al., 2009, 2012; Chen et al., 2017). Reaction rates
and detailed descriptions of the reactions can be found in Chen et al. (2018), Tashmim et al. (2024), Chen et al. (2023), and Cala et al. (2023).

2.4 Long-term observations: ice core and in situ measurements

We use ice core measurements of MSA from the Denali, Alaska ice core (Chalif et al., 2024) and MSA and bioSO4 from a
Summit, Greenland ice core (Jongebloed et al., 2023a) to investigate observed trends in DMS oxidation products. Figure 2
shows ice core observations and the locations of Denali and Summit. The Denali ice core is located in the sub-Arctic North

Pacific region, which is influenced by East Asian emissions, and includes annually-resolved MSA concentrations from 1700
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to 2013 CE (Fig. 2a). The Summit ice core is from the sub-Arctic North Atlantic region, which is influenced by anthropogenic
emissions from eastern North America and western Europe, includes MSA concentrations (Fig. 2b) that are consistent with a
composite MSA record from ice cores across Greenland (Fig. S6; Osman et al., 2019). The Summit ice core observations also
include DMS-derived biogenic sulfate (bioSO,4) concentrations (Fig. 2d) and the ratio of MSA/bioSO, from 1700 to 2007 (Fig.

2e) determined via isotope apportionment of sulfate sources (Jongebloed et al., 2023a, b, c). We cannot estimate bioSO,4 and
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Figure 2. Ice core observations from Denali, Alaska (left; Chalif et al., 2024) and Summit, Greenland (right; Jongebloed et al., 2023a).
a) Denali MSA concentrations, where the thin line is annual concentrations and the thick line is annual concentrations smoothed with a
Hann window function. b) Summit MSA concentrations, which are sub-decadal from 1700 to 1980 and annual from 1980 to 2007. c¢) a
map showing the locations of Denali (63°N, 151°W) and Summit (73°N, 39°W) and the source regions shown as dashed lines for Denali
(Polashenski et al., 2018) and Summit (Osman et al., 2019). d) Summit bioSO4 concentrations. ¢) Summit MSA/bioSO4 molar ratios. Dotted
lines show Bayesian changepoint analysis from Jongebloed et al. (2023a) and Chalif et al. (2024). Error bars from Summit core (b, d, and e)

show 1-sigma propagation of uncertainty in isotope measurements and calculations.
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MSA/bioSOy4 for the Denali ice core because the sulfur isotopic composition of sulfate was not measured. Uncertainty in ice
core observations includes measurement uncertainty of 1 ppb for MSA concentrations and propagation of uncertainty in isotope
measurements (1 %o) and isotope calculations for bioSO4 concentrations and MSA/bioSO4 (Jongebloed et al., 2023a, b, ¢).

To compare the model results to the ice core observations, we have considered several methods based on previous work.
Zhai et al. (2021) and Jongebloed et al. (2023c) compared Greenland ice cores to the tropospheric burden of relevant species
in a 5-day HYSPLIT back-trajectory region of Greenland. Osman et al. (2019) and Chalif et al. (2024) investigated Greenland
ice cores using a smaller HYSPLIT back-trajectory region. Moseid et al. (2022) and Zhang et al. (2024) compared sulfate and
black carbon in ice cores to several models by examining the modeled deposition of each species in the grid cell containing the
ice core. For this study, we follow Moseid et al. (2022) and Zhang et al. (2024) and compare the trends in grid cell deposition
to trends in ice core concentration, but results are qualitatively similar using other methods.

In addition to ice core observations, we compare model results to long-term in situ observations of MSA, DMS, and
MSA/nssSOif from Ayers et al. (1995), Becagli et al. (2019), Gondwe et al. (2004), Kouvarakis and Mihalopoulos (2002),
Quinn et al. (2009), Schmale et al. (2022), and Sharma et al. (2019). We include details on these in situ measurements and note

the limitations of these comparisons in Section 3.4.

3 Results and discussion
3.1 Changes in oxidant concentrations across model versions and simulation years

Figure 3 shows that concentrations of DMS oxidants are substantially different across two different GEOS-Chem model ver-
sions (GC12 and GC13) and simulation years (1750, 1979, and 2007) in the Summit source region (Fig. 3a-e), Denali source
region (Fig. 3f-j), and global mean (Fig. 3k-0). Figure 3 shows oxidant concentrations from the Tashmim mechanisms in GC12
and GC13, but most oxidants (e.g., Os, Cl, OH, and NOj3) vary by <1% between mechanisms within the same model version.
BrO is up to 14% lower in mechanisms that include DMS + BrO compared to mechanisms that do not include DMS + BrO,
suggesting that DMS oxidation is an important sink for BrO.

We analyzed the Summit and Denali source regions (Fig. 3a and 3f) to examine how oxidants have changed in the upwind
regions influencing each ice core site (Osman et al., 2019; Polashenski et al., 2018; Chalif et al., 2024). Oxidants are influenced
by trends in anthropogenic pollution, which differ across each of these regions over the industrial era. We show NO,, emissions
from the Community Emissions Data System (CEDS; McDulffie et al., 2020) in Figure 3, which increase from the late 19t
through late 20" century and decrease from the late 20" through early 21° century in North America and the European Union
(i.e., upwind of Summit; Fig. 3b-e). In East Asia, (i.e., upwind of Denali; Fig. 3g-j), NO, emissions increase rapidly in the late
20t through early 21% century. We show concentrations of OH, NOs, BrO, and Oz, but not the chlorine radical (Cl), because
Cl is expected to be a minor oxidant of DMS; however, we note that anthropogenic emissions of chlorine are not included
in either model version and current reactive chlorine chemistry mechanisms underestimate observed reactive chlorine (Chen

et al., 2022, 2024).
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Figure 3. Annual air-mass weighted tropospheric mean oxidant concentrations in the Summit source region (top), Denali source region
(middle), and global mean from the preindustrial to the present day. In all figures showing oxidants, the dashed lines represent oxidant
concentrations from version GEOS-Chem 13.2.1 (GC13) and the solid lines represent GEOS-Chem 12.9.3 (GC12). CEDS anthropogenic
NO, emissions from North America and the European Union (b-¢), East Asia (g-j) and global (I-0) are shown with a gray line with shading
showing one standard deviation (McDulffie et al., 2020). Meteorology and natural emissions are the same in all simulations. a) The Summit
ice core site and source region. b-e) Changes in tropospheric air-mass weighted NO3 (turquoise), BrO (gray), O3 (red), and OH (dark blue)
in the 1750, 1979, and 2007 simulations in the Summit ice core source region. f) The Denali ice core site and source region. g-j) Changes
in tropospheric air-mass weighted NO3 (turquoise), BrO (gray), O3 (red), and OH (dark blue) in the 1750, 1979, and 2007 simulations in
the Denali ice core source region. k) An icon representing the global calculations in 1-o. I-0) Global tropospheric air-mass weighted NOgz

(turquoise), BrO (gray), Oz (red), and OH (dark blue) in the 1750, 1979, and 2007 simulations.

Tropospheric nitrate radical concentrations increased between 1750 and 1979 and then increased further or plateaued be-
tween 1979 and 2007 in the Summit source region (Fig. 3b), Denali source region (Fig. 3g), and in the global mean (Fig. 31).
The tropospheric nitrate radical concentrations increased by similar factors in both GC12 and GC13 in the Summit source
region (factor of 2.3 and 2.8), Denali source region (1.2 and 1.6), and global mean (0.7 and 1.0), consistent with changes simu-
lated by another global model (Khan et al., 2015). Notably, the absolute concentrations are a factor of 2.2-4.5 higher in GC13
than GC12. The higher nitrate radical concentrations may be driven in part by differences in ozone concentrations in model
versions (Fig. 3d, 3i, and 3n), which are consistently 611 ppb higher in GC13 compared to GC12 across all simulation years.

GC12 simulates an annual mean tropospheric ozone burden of 341 Tg O3 and GC13 simulates an annual mean tropospheric
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ozone burden of 381 Tg Os. Both versions are within the range of annual mean tropospheric ozone burden in the present day
in simulations in the Coupled Model Intercomparison Project (CMIP) 6 of 356 + 31 Tg (Griffiths et al., 2021).

In contrast to ozone and the nitrate radical, BrO concentrations are 0.04-0.19 ppt lower in GC13 compared to GC12.
Modeled concentrations of BrO in the Summit source region increased by 12-42% from 1750 to 2007 (Fig. 3b), similar to a
16% increase in Russian Arctic BrO concentrations modeled by Zhai et al. (2024).

Tropospheric mean OH is up to 1.7 x 10° molec cm~? higher in GC13 compared to GC12, but changes between 1750 and
1979 mean OH vary from —19% to +13% (Fig. 3e, 3j, and 30). The PI-PD increase in global mean tropospheric OH in GC13
is consistent with simulations in the Aerosol and Chemistry Model Intercomparison Project (AerChemMIP) (Stevenson et al.,
2020), while the PI-PD decrease in global mean tropospheric OH in GC12 is consistent with several models in Atmospheric
Chemistry and Climate Model Intercomparison Project (ACCMIP) simulations (Murray et al., 2021). Investigating the reasons
for the differences in oxidant concentrations between model versions is beyond the scope of this study, but the substantial
differences in modeled oxidant concentrations between GC12 and GC13 are useful for examining the sensitivity of DMS

oxidation to oxidant concentrations.
3.2 Comparison between ice core and modeled changes in MSA, bioSO,4, and MSA/bioSO,4

Figure 4 shows a comparison between ice core observations and model simulations. We discuss the comparison between each

time period in sections 3.2.1 and 3.2.2, and summarize these results in section 3.2.3.
3.2.1 Preindustrial (1750) to Greenland minimum MSA (1979) comparison

At Denali, ice core MSA concentrations decline by 32 +13% between the preindustrial (1700-1962) and late 20™ century
(1962-1995). In contrast, the modeled MSA is 7-31% higher in the Denali grid cell in 1979 and 2007 compared to 1750 in all
mechanisms and model versions in GEOS-Chem (Fig. 4a). All box model simulations produce a decline in MSA from 1750 to
1979. The reasons for the discrepancy between GEOS-Chem simulations, box model simulations, and Denali observations are
explored in Section 3.3.

At Summit, ice core MSA concentrations decrease by 57+ 19% between the preindustrial (1200-1865) and Greenland
minimum MSA concentrations (1969-1995). The Cala and Tashmim mechanisms using GC13 oxidants in the box model
reproduce the direction of these trends, but are too small in magnitude. In GEOS-Chem, the Cala and Tashmim mechanisms
in GC13 and the Chen mechanism in GC12 simulate a 16-36% decrease in MSA across these time periods, which is also
qualitatively similar to the ice core trend but smaller in magnitude (Fig. 4b). In contrast, the Tashmim mechanism in GC12
produces trends in MSA from 1750 to 1979 that are opposite in sign to results produced by the Tashmim mechanism in GC13,
indicating sensitivity of these results to oxidants in different model versions.

Summit ice core bioSOy increases from the preindustrial to Greenland MSA minimum (1969 to 1995) by 20 +11%. No
GEOS-Chem simulations show a substantial increase in bioSOy4 in the Summit grid cell, instead showing a change in bioSO4
from 1750 to 1979 ranging from —33 to +1% (Fig. 4b). In contrast, the box model simulations with the Cala, Tashmim, and J.

Chen mechanisms show an increase in bioSOy, qualitatively aligning with the ice core trends.
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Figure 4. Ice core MSA (top), bioSO4 (middle), and MSA/bioSO4 (bottom) in the Denali (left) and Summit (right) ice cores compared to

0.0 -

GEOS-Chem and box model results. Large markers are ice core observations, small solid markers are GEOS-Chem model deposition, and
small outlined markers are box model concentration. MSA and bioSO4 changes are shown as a percent change from the preindustrial for both
ice core observations and model results. Markers show the percent change relative to the 1750 preindustrial baseline (left marker, always
zero) in 1979 (middle marker) and 2007 (right marker) for MSA (a-b) and bioSO4 (c). In Fig. 4d, MSA/bioSOy4 is shown for 1750 (left
markers), 1979 (middle markers) and 2007 (right markers). Denali ice core observations in a and ¢ are shown as percent changes between
the preindustrial (1700 to 1962), the late-20™" century (1962 to 1995), and top of the ice core (1996 to 2013). Summit ice core observations
in b and c are shown as percent changes between the preindustrial (1200 to 1865), Greenland minimum MSA (1969 to 1995), and top of
ice core (1996 to top of ice core). Ice core error bars show the uncertainty propagated from measurement error and uncertainty in sulfur
isotopic source signatures (Jongebloed et al., 2023a; Chalif et al., 2024). GEOS-Chem model error bars show the range in MSA, bioSOy,
and MSA/bioSO, deposition in the ice core grid cell and the surrounding eight grid cells. DMS emissions are the same in all GEOS-Chem

simulations and initial DMS concentrations are the same in all box model simulations.
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In the Summit ice core, MSA/bioSOy4 decreases from 0.25 £ 0.09 in the preindustrial to 0.09 4= 0.04 during the MSA min-
imum. Box model simulations using the Cala and Tashmim mechanisms with GC13 oxidants and J. Chen mechanism with
GC12 oxidants produce trends that qualitatively align with Summit ice core decrease in MSA/bioSO,4 from 1750 to 1979.
In GEOS-Chem, the Cala and J. Chen mechanisms simulate a decrease in MSA/bioSQOy,, but MSA/bioSQy is a factor of 2—-18
higher than ice core MSA/bioSO, over these time periods (Fig. 4d). The Tashmim mechanism in GC13 simulates MSA/bioSO,
of 0.20-0.22, which is within the range of observed MSA/bioSOy4; however, unlike the Summit ice core, modeled MSA/bioSO4
show negligible changes between 1750 and 1979 in both GEOS-Chem and box model simulations. The Tashmim mechanism

produces opposite trends in GC13 compared to GC12 (Fig. 4d).
3.2.2 Minimum Greenland MSA (1979) to top of ice core (2007) comparison

At Denali, MSA decreases further in the late twentieth century to be 49 4 13% lower at the turn of the century (1996 to 2013)
relative to the preindustrial. All but one box model simulations show an increase from 1979 to 2007, which is opposite to the
observed trend. All GEOS-Chem simulations show a decrease over this time period, but 2007 MSA is still higher than 1750
MSA deposition in the model.

At Summit, none of the GEOS-Chem simulations show an increase in MSA between 1979 and 2007, in contrast to the
observed 59 £ 29% increase in the Summit ice core. Summit bioSO4 decreases to the preindustrial mean at the turn of the
century (1996 to 2007; Fig. 4c). While this trend is qualitatively captured by some box model simulations (Cala GC13 and

Tashmim GC13), the magnitude is not reproduced by any box model simulation.
3.2.3 Summary of comparison between ice core observations and model simulations

In summary, box model and GEOS-Chem simulations can only partially reproduce observed trends in MSA, bioSOy4, and
MSA/bioSO,4 at Summit in some simulations (Cala in GC13, Tashmim in GC13, and J. Chen in GC12), and some GEOS-
Chem and box model simulations produce the opposite of the observed trends (Tashmim in GC12, Q. Chen in GC12). GEOS-
Chem simulates MSA trends at Denali that are opposite to the observed trends, but box model simulations can reproduce the
decrease in MSA between 1750 and 1979 observed in the Denali ice core. Additionally, there are substantial differences across
mechanisms and model versions. Only mechanisms without DMS + BrO (Cala and J. Chen) simulate both a decrease in MSA
and a decrease in MSA/bioSOy in qualitative alignment with the Summit ice core. Mechanisms with DMS + BrO (Tashmim and
Q. Chen) simulate negligible change or the opposite change as the trends observed in Summit MSA, bioSOy4, and MSA/bioSOy.
No GEOS-Chem simulation reproduces the observed increase in Summit bioSOy4, but box model simulations produce more
positive bioSOy trends compared to GEOS-Chem, in better alignment with the Summit ice core. All but one GEOS-Chem
simulations overestimate the MSA/bioSO, ratio. The Tashmim mechanism simulates different trends in GC12 compared to
GC13 in both GEOS-Chem and box model simulations, indicating the sensitivity of these results to oxidant concentrations.
The differences in results across box model simulations, GEOS-Chem model versions, and DMS oxidation mechanisms are

investigated in Section 3.3.
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3.3 Explaining modeled changes in MSA, bioSO,4, and MSA/bioSO 4

Figure 5 shows that the DMS oxidation rate by each oxidant changed between the preindustrial and polluted time periods
in every mechanism and model version in the GEOS-Chem simulations. In the Summit source region across all simulations,
oxidation of DMS via OH (addition) and OH (abstraction) decreases from 1750 to 1979 and 2007 by 7-30% (Fig. 5a) due to the
combination of a decrease in OH concentration over these time periods in GC12 (Fig. 3e) and competition from other oxidants
increasing in both GC12 and GC13. In the Denali source region, the change in contributions of the DMS + OH (addition) plus
DMS + OH (abstraction) pathways ranges from —12% to +14% from 1750 to 1979 and 2007 (Fig. 5b). Oxidation of DMS
by the nitrate radical increases by a factor of 2.8-21 in all simulations in both the Summit and Denali source regions (Fig. 5a
and 5b) due to an increase in nitrate radical concentrations in all simulations (Fig. 3). This increase in DMS + NOg drives an
increase in DMS oxidation through the isomerization pathway, which favors the production of bioSOy4. In the Tashmim and
Q. Chen mechanisms, which are the only mechanisms that include DMS + BrO and DMS + O3, an increase in BrO and Ogs
concentrations (Fig. 3¢ and 3d) drive a 35-120% increase in DMS + BrO and a 3-30% increase in DMS + Os. These changes
cause an increase in DMS oxidation via the addition pathway, which favors MSA production.

The changes in DMS oxidation between 1750, 1979, and 2007 are relatively small on the global scale (Fig. 5c) due to a
relatively smaller change in global mean oxidant concentrations (Fig. 31-0). Across all simulations, DMS + OH (addition) is
22-49%, DMS + OH (abstraction) is 36-48%, DMS + BrO is 0-34%, DMS + NOs is 1-15%, DMS + O3 is 0-4%, and DMS
+ Cl is 0-3% (Figure 5c). The relative contribution from the nitrate radical increased by 1-15% globally from 1750 to 1979
and 2007, while the reactions between DMS and other oxidants changed by +5% (Fig. 5c).

Figure 6 shows that a decrease in the atmospheric lifetime of DMS and oxidation intermediates (DMSO, MSIA, SO-, etc.)
due to increasing oxidant concentrations can cause a local trend in DMS oxidation products (MSA + bioSOy) in regions
affected by anthropogenic pollution. While DMS emissions were the same in the 1750 and 2007 simulations, regional changes
in MSA + bioSOy deposition of up to £50% occur in regions where pollution affects oxidant concentrations. As anthropogenic
pollution causes modeled oxidant concentrations to increase (Fig. 3), the global mean DMS lifetime decreases in all simulations
by 10-19% (Fig. S7). As a result, the deposition of DMS oxidation products (MSA + bioSQy) increases in regions within
or near both DMS emissions and oxidant changes, such as the North Atlantic, North Pacific, and the Southern Ocean near
South America and Australia, where DMS is oxidized more quickly relative to the preindustrial (Figure 6b). Simultaneously,
Figure 6b shows that MSA + bioSO4 deposition decreases in regions that are distant from DMS emissions and influenced by
pollution (i.e., over continents such as North America, Eurasia, and North Africa). The percentage change is especially large
in regions with low deposition (e.g., Greenland). While Figure 6 shows MSA + bioSOy4 for the Cala simulations, results for
other simulations are similar.

A trend in MSA or bioSO4 due to a decrease in DMS lifetime can offset or amplify a trend that occurs due to a change
in MSA/bioSOy partitioning, which is demonstrated in Figure 7. To estimate the effect of changing DMS lifetime on local
trends in MSA deposition in Figure 7, we multiply the fractional change in modeled MSA + bioSO4 deposition (Fig. 6b) by
the preindustrial MSA deposition flux in each grid cell:
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Figure 5. Annual tropospheric mean reaction rate (10% molec cm™2 s~ 1) of DMS via OH-addition (blue with hatching), OH-abstraction
(blue), nitrate radical (green), BrO (gray), chlorine radical (yellow), and ozone (red) in the a) Summit source region, b) Denali source region,
¢) and global mean. The model mechanism from Table 1 and GEOS-Chem version are shown on the x-axis. For each mechanism and model

version, the left column shows 1750, the middle shows 1979, and the right column shows 2007 (Table 1).
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Figure 6. Modeled deposition of total biogenic sulfur (MSA + bioSO4) in 1750 (a) and the percent change from 1750 to 2007 (b) in the Cala

(GC13) simulations. Markers show the locations of the Denali and Summit ice cores. DMS emissions are the same in both simulations.

(MSA + biOSO4)1979 — (MSA + biOSO4)1750

AMSA ifetime = i
DMS lifetime (MSA + bioSO4)1750

X MSA1750 (1)

Where AMSAps tifetime 18 the change in MSA deposition due to a change in DMS lifetime between 1750 and 1979, (MSA
+ bioSO4)1979 is the MSA + bioSO, deposition in 1979, (MSA + bioSO4)1750 is the MSA + bioSO, deposition in 1750, and
MSA ;750 is the MSA deposition in 1750. The change in DMS lifetime also incorporates the change in lifetime of other MSA
and bioSOy precursors, e.g. DMSO, MSIA, and SOs.

To estimate the effect of changing MSA/bioSQ, partitioning on MSA trends, we subtract AMSApys jifetime from the change
in MSA:

A1\/ISApal'titioning = AMSA — AIVISIADMS lifetime 2

Where AMSA pariitioning 1S the change in MSA between 1750 and 2007 due to a change in MSA/bioSO, partitioning, which is
caused by oxidants favoring different DMS pathways (Fig. 1), and AMSA is the total change in MSA deposition between 1750
and 1979. Equations 1 and 2 are also applied to bioSO, to estimate the change in bioSO4 due to a change in DMS lifetime
(AbioSO4pwms rifeiime) and change in bioSO,4 due to a change in MSA/bioSOy partitioning (AbioSOpariitioning)-

Figure 7 shows that GEOS-Chem AMSA aritioning and AbioSO4partitioning can be offset or amplified by AMSApwus sifetime and
AbioSO4pMs ifetime- The changes in MSA and bioSOy4 caused by a change in partitioning are qualitatively similar to the box
model results. For example, in GEOS-Chem simulations using the Tashmim mechanism, AbioSO spariitioning 1S positive in GC13
and negative in GC12 (Fig. 7c), which aligns qualitatively with the box model results (Fig. 4c). Additionally, the Cala (GC13)
and J. Chen (GC12) simulations produce the largest decrease in MSA at Summit in both the box model and in AMSA aritioning-

AMS Apps lifetime inCreases discrepancies between GEOS-Chem simulations and Denali ice core observations. While the
Denali ice core shows MSA concentration decreases by 32 4= 13% between the preindustrial and 1962-1995, GEOS-Chem

simulates 7-51% increase in MSA due to large, positive AMSApps lifetime across all simulations (Fig. 7a). At Summit, the
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Figure 7. Ice core and modeled changes in MSA (top), bioSO4 (middle) and MSA/bioSO4 (bottom) deposition at Denali (left) and Summit
(right). Gray bars show the modeled change in MSA, bioSO4, and MSA/bioSO4 deposition in the ice core grid cell due to change in DMS
lifetime (eq. 1). Pink bars show the modeled change in MSA, bioSO4, and MSA/bioSO, deposition in the ice core grid cell due to change
in MSA/bioSOy4 partitioning (eq. 2). Blue triangles show the net change in MSA, bioSO4, and MSA/bioSO4 deposition, and error bars are
the range in net change in deposition in the surrounding grid cells. Ice core observations are shown as large blue triangles. This figure shows

changes from 1750 to 1979, and similar changes between 1750 and 2007 are shown in Fig. S9.

GEOS-Chem modeled decrease in DMS lifetime between 1750 and 1979 contributes a 10-32% decrease in Summit MSA
deposition across all simulations. This AMSApps rifetime 1S Offset by a modeled increase in MSA/bioSOy4 in the Tashmim
(GC12) and Q. Chen (GC12) simulations, causing a net positive trend modeled MSA, which is in contrast to the observed 57 &
19% decrease. However, in the Cala (GC13), Tashmim (GC13), and J. Chen (GC12) simulations, the decrease in MSA/bioSOy4
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partitioning drives an additional decrease in MSA of 4-11%, which amplifies AMSAppwms rifetime @nd qualitatively aligns with
the Summit ice core MSA. A larger increase in MSA/bioSOy4 of 50-90% would be needed to reproduce the observed 20+11%
increase in Summit ice core bioSO4. While the Summit ice core MSA/bioSO,4 changes by —64+37% between the preindustrial
and the MSA minimum (1969-1995), no model simulation reproduces a decrease of this magnitude (Fig. 7d).

In summary, the overall qualitative similarity between box model results (Fig. 4) and GEOS-Chem AMSA paritionings
AbioSOypariitioning> and change in MSA/bioSO, (pink bars in Fig. 7) suggest that discrepancies between GEOS-Chem and the
box model are primarily driven by the GEOS-Chem modeled change in DMS lifetime. The change in DMS lifetime is sensitive
to the overall change in oxidant concentrations (OH, NOg, BrO, Cl, and O3), which is difficult to constrain. The modeled
change in DMS lifetime may also be sensitive to the transport and deposition efficiencies of MSA and sulfate (Figure 6), which
may not be represented well in simulations at low 4° x 5° model resolution. AMSApws rifetime and AbioSO4pms rifetime 1€ad
to misalignment between GEOS-Chem results and Denali ice core observations and box model results, suggesting that under-
or over-efficient transport and deposition could contribute to model-observation discrepancies in GEOS-Chem simulations at

Denali.
3.4 Implications for Antarctic ice core records of MSA

The modeled changes in MSA + bioSO,4 deposition are smaller in Antarctica compared to Denali and Summit (Fig. 6b) due
to the relatively small influence of anthropogenic pollution in this region. We examine modeled trends in MSA, bioSOy4, and
MSA/bioSOy in five grid cells containing Antarctic ice core records of MSA concentrations (Abram et al., 2010; Becagli
et al., 2009; Curran et al., 2003; Osman et al., 2017; Rahaman et al., 2016; Vega et al., 2016). Antarctic ice core studies
find changes in MSA ranging from negligible (e.g., West Antarctica; Osman et al., 2017) to substantial (e.g., 20-30% in
Coastal East Antarctica; Curran et al., 2003). We find that the model simulates a change in MSA, bioSO,, and MSA/bioSO4 of
< +10% at any ice core location (Fig. S8). The relatively low influence of pollution on Southern Ocean region oxidants, and
consequently MSA, bioSO,4, and MSA/bioSOy4, suggests that recent trends in MSA may be driven by other factors such as sea
ice concentration, primary production, meteorology, and other variables. However, MSA can undergo post-depositional loss
in low-accumulation regions such as East Antarctica via oxidation to form sulfate, which can affect long-term trends in MSA
(Hattori et al., 2024). Additionally, vertical migration of the methanesulfonate ion can smooth annual and sub-decadal signals,

especially in low-accumulation regions (Osman et al., 2017).
3.5 Comparison between model simulations and in situ observations

Figure 8 shows that simulations in GC13 better reproduce monthly surface MSA concentrations at four Arctic sites compared
to GC12. The four sites include Alert, Canada (82°N, 62°W; 1980 to 2019), Ny Alesund/Zeppelin, Svalbard (79°N, 12°E;
1990 to 2004), Utgiagvik/Barrow, Alaska (71°N, 157°W; 1997 to 2022), and Qaanaak/Thule, Greenland (77°N, 69°W; 2010
to 2020) (Becagli et al., 2019; Quinn et al., 2009; Schmale et al., 2022; Sharma et al., 2019).

Model simulations using GC12 consistently overestimate surface MSA concentrations at Arctic sites by a factor of 2-80

during the months of highest MSA concentrations in the spring and summer (Figure 8). With an updated wet deposition

19



395

400

@ __ 0147 (b) utgiagvik 0.147 (c) Alert
'T’E 0.12 1 ~ 0.12 4
e s e 1
Utaiagvik (b) 2 0.10 A € 0.10 1
= [e)]
; % 0.08 - = 0.08-
- Qaandak (d) 2 5
Afert (c)f . 5 0.06 1 < 0.06
Ny’ Alesund (e) 2 0.044 : 0.04 1 s
: £ /, \’“\
_ s _
2 0024, 0.02 e Ny
— 0.00 - 0.00 -
2 4 6 8 10 12
0.14 1 0.25
PN (d) Qaanaak a Y (e) Ny Alesund
J. Chen (GC12) e 0177 £ 0201
— = Tashmim (GC12) 2 0.10 A 27
—— Tashmim (GC13) z 2
.08 0.15 -
Q. Chen (GC12) s 0.08 . 2 P
Cala (GC13) T 0.06 1N\ < (10 ’ \\ ~
== Observations S’ 0.04 4 I .‘\ > Il » \
b c=\A \ ® 0.05 ¢ \
é 0.02 1 // L'} \-’~ g . // \g
pl AT e L. n—
0.00 =— ; . . 0.00 -
2 4 6 8 10 12 2 4 6 8 10 12
Month Month

Figure 8. Observed monthly mean surface MSA concentrations (black lines in b-¢) at four Arctic sites (a) compared to modeled MSA concen-
trations in several DMS oxidation mechanisms (colored lines in b-e). The four Arctic Sites include b) Utqgiagvik/Barrow, Alaska (1997-2022),
c¢) Alert, Canada (1980-2019), d) Qaanaak/Thule (2010-2020), Greenland, and e) Ny Alesund/Zeppelin, Svalbard (1990-2004). The error
bars show the 25" to 75" percentiles and the solid black line is the monthly surface MSA concentration following Becagli et al. (2019).
The simulations include the four mechanisms in Table 1, including the J. Chen mechanism in GC12 (dashed turquoise line), the Tashmim
mechanism in GC12 (dashed purple line), the Tashmim mechanism in GC13 (solid purple line), the Q. Chen mechanism in GC12 (dashed

yellow line), and the Cala mechanism in GC13 (solid pink line). DMS emissions are the same in all simulations.

scheme resulting in reduced atmospheric concentrations of soluble species (Luo et al., 2019, 2020), GC13 simulations with
the Cala and Tashmim mechanisms overestimate spring/summer MSA concentrations by a smaller factor of 0-20 at Utqiagvik,
Qanaak, and Ny Alesund (Fig. 8¢), and underestimate spring/summer MSA concentrations at Alert or in winter/fall months
at other stations by up to a factor of 8. Winter MSA concentrations at Arctic stations are close to zero in observations and
in GC13 simulations, but overestimated by up to 0.05 ug m—? at all stations in simulations using GC12. GEOS-Chem model
simulations using the updated wet deposition scheme in GC13 (Luo et al., 2019, 2020) has been shown to better represent
aircraft observations of aerosol mass concentrations (Gao et al., 2022), but results in biased model representation of surface
sulfate concentrations and nitrate deposition over the continental United States (Dutta and Heald, 2023). The global annual
surface mean MSA and bioSO,4 concentrations in each simulation are shown in Figure S10.

Figure 9 compares observed and modeled DMS mixing ratio at four island or coastal sites. The four stations are Crete

Island (CI; 35°N, 26°E; 1997-1999; Kouvarakis and Mihalopoulos, 2002), Amsterdam Island (AI; 38°S, 77°E; 1987-2006;
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Figure 9. Monthly DMS mixing ratios in model simulations (colored lines) compared to long-term observations (black lines) at four sites
including b) Crete Island, (CT; 35°N, 26°E; 1997-1999), ¢) Amsterdam Island (AI; 38°S, 77°E; 1987-2006), d) Cape Grim (CG; 40°S, 144°E;
1989-1992), and e) Dumont D’ Urville (DU; 66°S, 140°E; 1998-2006). The error bars show the 25th to 75th percentiles and the solid black
line is the monthly surface concentration anomaly of MSA following Chen et al. (2018). The simulations include the four mechanisms in
Table 1, including the J. Chen mechanism in GC12 (dashes turquoise line), the Tashmim mechanism in GC12 (dashed purple line), the
Tashmim mechanism in GC13 (solid purple line), the Q. Chen mechanism in GC12 (dashed yellow line), and the Cala mechanism in GC13

(solid pink line). DMS emissions are the same in all simulations.

Castebrunet et al., 2009) Cape Grim (CG; 40°S, 144° E; 1989-1992; Ayers et al., 1995), and Dumont D’Urville (DU; 66°S,
140°E; 1998-2006; Castebrunet et al.,2009). At Crete Island, observed DMS concentrations peak in July through October,
but modeled DMS concentrations peak in May to June (Fig. 9b). The magnitude of the peak DMS mixing ratio (96121 ppt)
in June across all simulations is similar to the peak observed mixing ratio (111-104 ppt) in July. Model mechanisms that do
not include DMS + BrO (Cala, J. Chen) do not reproduce the observed seasonality in DMS mixing ratio in Southern Ocean
sites, similar to findings from Chen et al. (2018) (Figure 9c-e). Observed DMS mixing ratio is at a maximum in in austral
summer (DJF) at Amsterdam Island (Fig. 9c), Cape Grim (Fig. 9¢), and Dumont D’Urville (Fig. 9e). This austral summer
peak is reproduced by mechanisms that include DMS + BrO (Tashmim, Q. Chen), but these simulations underestimate summer
DMS mixing ratio by 50-70% during December at Cape Grim and Amsterdam Island and overestimate summer DMS mixing
ratio by up to a factor of 3 at Dumont D’Urville. The mechanisms that do not include DMS + BrO (Cala, J. Chen) show a
winter peak in DMS in the month of July at Dumont D’Urville (Fig. 9¢) and variable DMS mixing ratios without a distinct
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seasonality at Amsterdam Island (Fig. 9c) and Cape Grim (Fig. 9d). In all three Southern Ocean sites, winter (JJA) DMS mixing
ratio is overestimated by 20-180% in the J. Chen (GC12), Cala (GC13), Tashmim (GC12), and Q. Chen (GC12) simulation.
The discrepancy between observed and modeled DMS concentrations and seasonality may reflect inaccurate magnitude and

seasonality in DMS emissions, missing or mischaracterized DMS oxidation chemistry, or both.
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Figure 10. Comparison between modeled and observed annual-mean surface MSA/nssSO2~ concentration ratio. a) Observed annual
mean surface MSA/nssSO>™ at 23 sites around the world. b) Comparison between observed annual mean MSA/nssSO>~ and modeled
MSA/nssSO?f in the J. Chen (GC12) simulation (turquoise square), the Tashmim (GC12) simulation (left-pointing purple triangle), the
Tashmim (GC13) simulation (right-pointing purple triangle), the Q. Chen (GC12) simulation (yellow diamond), and the Cala (GC13) sim-
ulation (pink circle) using the same 2007 meteorology and emissions in all simulations. Stations include Dye (DY; 66°N, 53°E), Heimaey
(HE; 63°N, 20°W), United Kingdom (UK; 58°N, 20°W), Mace Head (MH; 53°N, 10°W), Crete Island (CI; 35°N, 25°E), Bermuda (BE; 32°N,
65°W), Tenerife (TE; 28°N, 17°W), Midway Island (MD; 28°N, 177°W), Miami (MI; 26°N, 80°W), Barbados (BA; 13°N, 60°W), Fanning
Island (FI; 4°N, 159°W), American Samoa (AS; 14°S, 170°W), New Caledonia (NC; 21°S, 166°E), Norfolk Island (NI; 29°S, 168°E), Ams-
terdam Island (AI; 38°S, 77°E), Cape Grim (40°S, 144°E), Palmer (PA; 65°S, 64°W), Dumont D’Urville (DU; 66°S, 140°E), Mawson (MA;
67°S, 63°E), Neumayer (NE; 70°S, 8°W), Halley Bay (HB; 75°S, 26°W), Kohnen (KO; 75°S, 0°E), and Dome C (DC; 75°S, 123°E). The time
period sampled varies by site, ranging from less than one year to multiple decades. The legend also shows the normalized mean bias (Nmg)

for each simulation. The dashed gray line shows the delineation between northern and southern hemisphere sites.

Figure 10 compares modeled and observed ratios of MSA to non-sea salt sulfate (nssSO3? ) at 23 stations around the globe,
and shows that all model simulations overestimate MSA/nssSO; ™ relative to observations at most sites. Most of the data
are obtained from Gondwe et al. (2004), except for Crete Island from Kouvarakis and Mihalopoulos (2002) and Amsterdam

Island, Palmer, Kohnen, and Dome C from Casterbrunet et al. (2009). We compute the normalized mean bias (Ny) for each
>E (Mi—0))
2.2:3 10i
of each station and O; is the observed MSA/nssSOi_. (Nmp) ranges from 155% to 692%, indicating a large overestimation in

simulation following Chen et al. (2018): Ny = , where M; is the modeled MSA/nssSOZ* in the surface grid cell

MSA/nssSO;~ by all simulations (Fig. 10). The overestimate is largest in the Southern Hemisphere stations on the Antarctic
Coast, where there is negligible influence from anthropogenic emissions on nssSO?f. Observed MSA/nssSO?[ ranges from

0.005 (Crete Island) to 0.35 (Palmer). Modeled MSA/nssSO?[ ranges from 0.006-3.02 in model simulations. The maximum
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MSA/nssSO; ™ in each modeled mechanism is 0.61 to 3.02, a factor of 1.8-8.4 higher than the observed maximum. We note that
discrepancies between observed and modeled MSA/nssSO?~ could occur due to mischaracterized DMS oxidation chemistry,

SO, oxidation chemistry, DMS emissions, anthropogenic SO, emissions, and/or natural sulfur emissions.

4 Conclusions

We investigate DMS oxidation chemistry over the industrial era by comparing model simulations with four different DMS
chemical oxidation mechanisms to ice core observations of MSA and bioSOy4. Jongebloed et al. (2023a) and Chalif et al.
(2024) hypothesize that a pollution-driven increase in nitrate radical in the Summit and Denali ice core source regions drove
the observed industrial-era decline in ice core MSA and concurrent increase in bioSO4. We show that some box model simula-
tions can qualitatively reproduce trends in DMS oxidation products at Summit, but GEOS-Chem simulations cannot reproduce
Summit trends in either MSA or bioSOy4, and no box model or GEOS-Chem simulation can reproduce trends at Denali. Addi-
tionally, different oxidation mechanisms and model versions lead to a wide range in results. In agreement with the hypothesized
NOs-driven MSA decline from Jongebloed et al. (2023a) and Chalif et al. (2024), we find that DMS + NOg increased over
the industrial era in both the North Atlantic and North Pacific regions, favoring the production of bioSOj, in all simulations
and driving a decrease in MSA, which aligns with ice core observations. In simulations that include the reaction of DMS with
BrO, the industrial-era increase in BrO drives increased production of MSA and offsets the NO3-driven decrease, which results
in a discrepancy between modeled and observed trends in MSA in some simulations. We compare present-day GEOS-Chem
simulations with in situ observations and show that DMS + BrO is needed to capture the seasonality of atmospheric concentra-
tions of DMS. A potential overestimate in MSA production in simulations with DMS + BrO could result from overestimated
BrO concentrations, underestimated NO3 concentrations, overly efficient MSA production from the addition pathway, or other
missing or misrepresented DMS oxidation chemistry.

Substantially different results using the Tashmim mechanism in two different model versions with different oxidant concen-
trations (GC12 and GC13 in both GEOS-Chem and box modeling) show that inaccurate oxidant concentrations may contribute
to model-observation discrepancies in simulations that cannot reproduce ice core trends. The sensitivity of our results to oxi-
dant concentrations suggests that improving our understanding of oxidant changes is critical to improving comparison between
modeled and observed DMS oxidation products. Box model simulations using GC13 better align with ice core trends, suggest-
ing that GC13 may more accurately represent trends and concentrations in oxidants over the industrial era compared to GC12.
Interestingly, the trends, seasonality, and surface concentrations in MSA, bioSO4, DMS, and MSA/nssSO; ™ are similar in the
Tashmim and Q. Chen mechanisms when using the same model version. The Q. Chen mechanism includes DMS + OH, NO3,
BrO, Cl, and Og, and intermediates such as DMSO and MSIA, but does not explicitly account for the formation of HPMTF
and other short-lived isomerization pathway intermediates, suggesting that a simplified mechanism for DMS chemistry may
be sufficient in modeling the abundance, seasonality, and trends DMS-derived aerosols and their effects on global radiative

forcing.
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460 The discrepancies between observed and modeled trends in MSA and bioSO,4 in GEOS-Chem simulations might imply
missing or misrepresented DMS oxidation chemistry. Recent studies investigating gas-phase DMS chemistry have discovered
important pathways of MSA and sulfate production through intermediates such as HPMTF, MSP, and CH3SO». We suggest that
future studies should investigate aqueous-phase chemistry, which produces 82-99% of MSA and bioSO, in our simulations. In
simulations that include HPMTF as an intermediate, 50-80% of bioSO, is formed through aqueous-phase oxidation of HPMTF,

465 but the chemical reaction(s) forming sulfate from HPMTF in the aqueous phase are currently unknown. Additionally, future
studies analyzing the oxygen isotopes of MSA might indicate missing or misrepresented chemistry in the DMS oxidation
mechanism by quantifying the importance of different oxidation pathways, similar to previous studies quantifying sulfate
formation through A”O(SO?{) (Hattori et al., 2021, 2024; Sofen et al., 2011). Inclusion of methanethiol may improve model-
observation comparison because methanethiol favors bioSO,4 production over MSA (Novak et al., 2022). Finally, it is possible

470 that uncertainty in reaction rates for key reactions (e.g., DMS + NO3, MSA + OH) could contribute to discrepancies between
modeled and observed trends in DMS oxidation products.

In general, interpretation of ice core or in situ observations of short-lived oxidized species, such as MSA and sulfate, should
consider how changes in the lifetimes of precursors and in oxidation pathways can influence long-term trends. For example,
in regions influenced by pollution or other factors that affect oxidant concentrations, trends in MSA should be assumed to

475 at least partially reflect changing oxidation chemistry. Currently, model simulations alone cannot be used to estimate the
potential influence of changing atmospheric chemistry on long-term trends in MSA. Instead, measurements of sulfur isotopes
that provide estimates of total biogenic sulfur (MSA + bioSO,) and the ratio of oxidation products (MSA/bioSO,) can indicate
whether and how much atmospheric chemistry has influenced DMS oxidation and trends in MSA and bioSOy.

DMS is a major source of aerosol and cloud condensation nuclei that influence global climate and is an increasingly large

480 fraction of atmospheric sulfate as anthropogenic pollution emissions decrease (Jongebloed et al., 2023a). The four mechanisms
of DMS oxidation tested in this study simulate different magnitudes of MSA and bioSOy, and different fractions of MSA and
sulfate produced in the gas vs. aqueous phase, which has implications for new particle formation and aerosol-cloud interactions.
Understanding and accurately modeling DMS oxidation is critical for understanding past and future climate, especially in light
of proposed marine cloud brightening efforts to offset warming caused by greenhouse gases and potential future decreases in

485 anthropogenic aerosol radiative forcing.

Code and data availability. Ice core data were obtained from the referenced papers Jongebloed et al. (2023a, b, c); Chalif et al. (2024) and
are available in the NSF Arctic Data Center at https://doi.org/10.18739/A2WW7717K, https://doi.org/10.18739/A2N873162,
https://doi.org/10.18739/A26TOGX 7K, and https//doi.org/10.18739/A2Q814TIK. In situ data were obtained from the referenced papers
(Ayers et al., 1995; Becagli et al., 2019; Gondwe et al., 2004; Kouvarakis and Mihalopoulos, 2002; Quinn et al., 2009; Schmale et al., 2022).
490 GEOS-Chem versions 12.9.3 and 13.2.1 are available online (https://zenodo.org/records/3974569 and https://doi.org/10.528 1/zenodo.5500717).
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